Introduction
[2] With a typical conductivity s of 3-4 S m
À1
, seawater is a fairly good electrical conductor. As the ocean fluid flows through the earth's main magnetic field F, electric currents and associated magnetic fields b (kbk(kFk) are generated through a magnetohydrodynamic process often called ''motional induction''. Substantial effort for the oceanic application began in the mid-1900s with a focus on inferring ocean flow from in situ electric field observations [e.g., Sanford, 1971] . Optimism toward the potential for inferring flow from remote magnetic observations is much more recent [e.g., Tyler et al., 1997 Tyler et al., , 1999 . While it has now been shown that ocean generated magnetic signals (so far due to tides) can be detected in land [e.g., McKnight, 1995] and, recently, satellite magnetometer records [Tyler et al., 2003] , the oceanic signals are small in comparison to other contributions (mainly from the core but also due to sources in the ionosphere, magnetosphere, and lithosphere) which are only recently becoming mapped with sufficient accuracy [e.g., Sabaka et al., 2002] to attempt resolving the smaller oceanic contributions.
[3] The Antarctic Circumpolar Current (ACC) is the strongest ocean current of the World Ocean: it transports $130 Sv (Sv = 10 6 m 3 s
) of water around Antarctica, which makes it the most significant exchanger of heat, salt, and momentum between the Atlantic, Indian and Pacific oceans. The ACC is an essential link of the global meridional overturning circulation, which has critical implication for the Earth's climate. Its strength may influence the magnitude of the thermohaline circulation and hence impact global climate [e.g., Mikolajewicz et al., 1993; Toggweiler and Samuels, 1995] . The ACC transport is therefore a key climatic index, and its monitoring is a high priority for the climate community.
[4] In this contribution our motivation is twofold: Our primary interest is to examine the capacity of geomagnetic observations both at the sea level and at satellite altitude to provide an index of variability for the ACC. Our second motivation is to contribute to the geophysical community engaged in mapping the various components of the earth's magnetic field by providing estimates of the small oceanic contribution. It is now regarded that resolution of the oceanic magnetic contribution will help improve mapping of both oceanic and even the larger non-oceanic contributions. This letter provides estimates of magnetic signals due to low-frequency (<0.2 cycles per day (cpd)) ocean variability.
[5] Here, we numerically calculate and examine the magnetic signature of ocean flows prescribed from three different ocean general circulation models (OGCM). This ''ensemble'' view identifies the robust features vs. model dependent ones. Although magnetic fields are estimated for the World Ocean, we will focus on the Southern Hemi-sphere, where the magnitude of the fields is largest, and on the relationship between the ACC transport and the magnetic field variability. Section 2 presents the formulation for calculating the magnetic field. In section 3, we present the results of the three numerical experiments forced with different simulated ocean flows, while we discuss these results in section 4.
A 2-D Induction Equation
[6] The formulation used is the same as that by Tyler et al. [1997] [see also Price, 1949] . It is based on a ''thinshell'' approximation for the flow as well as for any electric currents. This leads to the neglect of vertical (i.e., radial) velocities compared with horizontal velocities u H (subscript H denotes the horizontal component hereafter). For the electric currents, this approximation requires a more weakly justifiable assumption that regions above and below the shell are electrical insulators. The lower atmosphere (s $ 10 À14 S m
À1
) can clearly be treated as an insulator. We allow the thin conductive shell to include both the ocean as well as a conductive layer of sediments. (The global distribution of sediment conductance is derived using the method of Everett et al. [1999] based on sediment thicknesses of Laske and Masters [1997] .) The upper region of the earth's mantle is typically two to three orders of magnitude less conductive than seawater or sediments [Parkinson and Hutton, 1989] and hence treating it as an insulator would seem reasonable. There are, however, potential pitfalls in this assumption, that cannot be accurately addressed because of limited knowledge of the conductivity structure of the solid earth. Indeed, inductive coupling between electric currents in the thin shell and highly conductive regions in the lower mantle are potentially important for the most rapid of the low-frequency ocean flow but are here ignored while assuming in our formulation that the electric currents remain in nearly static balance with their sources.
[7] Ampere's Law and Ohm's Law can be combined and integrated over the thin shell h as
whereẑ is the unit vertical vector, and E H is the horizontal electric field, J H is the horizontal electric current density, and the forcing term on the right involves the depth integrated conductivity transport (taken from one of three different OGCMs) and the main field F z (taken from the CO2 model [Holme et al., 2003] ). With the steady-state assumption, we then replace the first term in the first integral on the far right with ÀSr H f where f is the electric potential (averaged over the depth h) and the conductance S is the integral of conductivity over h which embraces the oceans and sediments. We then divide (1) by S before taking the curl to remove the rf term. Because charge is conserved, the middle equality in equation (1) is non-divergent and can be written as a stream function y e for the depth integrated electric currents (i.e., R h J H dz = ry e Âẑ) which allows us to write the following scalar governing equation for y e :
[8] Once (2) has been solved over the whole sphere to obtain y e , we calculate the magnetic field associated with these electric currents. In the insulating regions, the magnetic field is irrotational and can be written as b = ÀrM. Because it is also non-divergent, r (1) and the requirement that M(z = 0) remain continuous.) The symmetry relationship invoked above is strictly valid for planar geometry, but is expected to be a reasonable assumption for this study involving electric current loops of smaller scale than a great circle.
Simulated Magnetic Fields
[9] We compare simulations from three experiments forced with the flows from three OGCMs: OPA, HOPE, and ECCO. All three are primitive equation models that produce the 3D velocity field as well as thermohaline variables. They differ by many aspects including their forcing, resolution, and turbulent closure schemes for mixing. OPA 8.1 is developed at LODYC [Madec et al., 1998 ]. We used products from a 2°-resolution, 31 vertical levels, global run, forced with National Center for Environmental Predictions (NCEP) surface fluxes, and satellite winds. In the configuration used here, HOPE (Hamburg Ocean Primitive Equation) [e.g., Marsland et al., 2003 ] has 13 vertical levels, a horizontal resolution of 2°and is forced with NCEP. ECCO is based on the Massachussetts Institute of Technology OGCM and assimilates TOPEX/Poseidon altimeter data. The ECCO-1 data used corresponds to a 1°-horizontal resolution and 46 vertical levels setting.
[10] The volume transport of the ACC in Drake Passage is a useful index to compare the performances of the different models (Figure 1) . OPA, HOPE, and ECCO have a mean transport of 168, 182 and 155 Sv, respectively with a standard deviation of 6.4, 6.6 and 4.6 Sv, respectively. The mean ACC transport was measured at 134 Sv with a standard deviation of 10.3 Sv [Whitworth and Peterson, 1985] . Hence all models tend to overestimate the mean flow while underestimating the variability of the ACC. The transport was found to be steady over the past 25 years [Cunningham et al., 2003] : the trend given by ECCO is probably an artifact.
[11] In the following, we discuss the component of b in the direction of the main field F, denoted b F . This scalar anomaly is in practice what is measured by scalar magnetic instruments [Olsen et al., 2000] . The means and the standard deviations of b F , at satellite altitude, are shown in Figure 2 , while the other components of the fields have similar order of magnitude (not shown). The mean hb F i is on the order of 1 to 2 nT (Figures 2a -2c ) and is largest for the HOPE model, which has the largest ACC transport. Figure 2c is consistent with an estimate obtained by the Swarm Team [2004] . Maps of hb F i are dominated by two cells, one positive in the Pacific ocean, one negative in the Indian ocean, located east and west of the south magnetic pole. These regions of large forcing are regions where the ACC is orthogonal to isocontours of F z . This can be understood because a systematic contribution to the forcing term (on the right of (2)) over large scales is primarily just the advection of F z . Indeed, large-scale low-frequency ocean flows are predominantly nondivergent, and the conductivity transport (integral in (2)) is also approximately nondivergent. Flow across S contours is important locally but does not contribute systematically over large scales.
[12] At the earth's surface, not surprisingly, hb F i is larger, ranging from À4 to 4 nT for OPA (not shown) and has shorter spatial scales, unaltered by geometrical attenuation.
[13] The variability of simulated b F is ]0.2 nT rms at satellite altitude but the range of variation is ]1 nT (Figures 2d-2f ). Although these numbers probably underestimate the actual variability of b F , it is worth mentioning that the mean b F is large enough to be detectable from satellite-borne magnetometers such as those aboard Oersted [Neubert et al., 2001] and CHAMP [Reigber et al., 2002] . The weaker variability could eventually be detected (the resolution of the scalar instrument is 0.1 nT), but this would likely require more advanced magnetic missions such as Swarm [Swarm Team, 2004] , one of the many goals precisely is to try and recover the magnetic signature of the oceans.
[14] In order to examine to what extent the variability of b F can be related to the variability of the ACC, we 
Summary and Conclusion
[15] Based on 3 state-of-the-art ocean models, we have estimated the magnetic field generated by the ocean both at the earth's surface, and at the altitude of the CHAMP satellite (400 km). The mean magnetic field is largest in the Southern Hemisphere and is mainly due to the eastward flowing ACC: it reaches up to $5 nT in some locations of the earth's surface with a variability of up to 2 nT rms. At an altitude of 400 km, the mean magnetic field reaches 1 -2 nT, while the simulated variability reaches $0.2 nT rms with a range of ]1 nT. However, this value is likely to be an underestimate as the ACC transport variability simulated by the 3 OGCMs is 40 to 50% smaller than what was observed. A first conclusion of this study is that the magnetic signal generated by lowfrequency (<0.2 cpd) ocean flows is within the range of capabilities of satellite-borne sensors, and is hence in theory detectable.
[16] In addition, we find that such magnetic field is, in some regions, highly correlated with the ACC transport. Consequently one could use the former, be it measured from satellites or from observatories at the ground (where stronger signals are expected), as an index of variability of the latter. This would be an invaluable application given the difficulty to obtain integral measurements of the flow in general, and at these remote latitudes in particular. An estimate of the ACC transport obtained by linear regression of b F is shown in Figure 4 .
[17] In summary, any attempt to extract an index of ACC variability from magnetic data remains highly motivated.
The difficulty in separating the ocean signals from other contributions to the geomagnetic fields is however real: not only is the signal-to-noise ratio (SNR) small but there is, unlike for the case of the tides [Tyler et al., 2003] , no phaselocked frequency of variation. The ACC varies on a wide range of frequencies from days to decades and so do most contributions to the external field, although specific spatial characteristics of the ocean signal may help in separating this contribution. There are however reasons to remain optimistic: modeling of the various contributions to the geomagnetic field are becoming increasingly accurate [Sabaka et al., 2002] , and decisive progress can be expected from future magnetic missions such as Swarm [Swarm team, 2004] . The small SNR is not necessarily damning per se: satellite altimetry, with typical SNR of 10
À4
, is nonetheless routinely and successfully used in oceanography. 
